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Carbon Nitride as a Heterogeneous Visible-Light Photocatalyst for 
the Minisci Reaction and Coupling to H2 Production 
Arjun Vijeta and Erwin Reisner* 
Cyanamide functionalised Carbon nitride powder is reported as a 
photocatalyst for direct Minisci-type coupling of heteroarenes with 
ethers, alcohols, and amides using atmospheric oxygen as the 
oxidant at room temperature. This mild protocol displays broad 
substrate scope, good functional group tolerance and the catalyst 
can be easily isolated and reused for several cycles. It thereby 
addresses the two major limitations of previously reported 
photoredox-mediated Minisci reactions: (i) use of expensive and 
potentially harmful non-recyclable photocatalysts, and (ii) 
requirement of a stoichiometric amount of strong chemical 
oxidant. Finally, using platinum as a co-catalyst with the carbon 
nitride allows this light-mediated reaction to generate two value-
added products under an anaerobic atmosphere – functionalised 
heteroarenes and H2 fuel.  
Harnessing visible light to store energy in the form of chemical 
bonds has attracted wide attention in the field of artificial 
photosynthesis for decades. Over the years, this approach has 
been extensively used for overall water splitting to produce H2 
and CO2 utilisation.1,2 The potential to use visible light to drive 
catalytic reactions in organic synthesis, however, has not been 
fully realised until 2008.3–5 Since then, light-mediated catalysis, 
also known as photoredox catalysis, has enabled the discovery 
of a wide array of novel synthetic methodologies.6 
Homogeneous photocatalysts such as metal-based polypyridyl 
complexes of ruthenium and iridium or organic dyes, especially 
eosin Y and acridinium salts, have been the major contributor in 
photoredox catalysis.7,8 While recent advances have provided 
versatility in these photocatalysts, there appears plenty of 
scope for inexpensive, non-toxic, stable and scalable 
alternatives. 
A promising photocatalyst material is polyheptazine-based 
graphitic carbon nitride (CNx or g-C3N4).9 This low-cost solid 
material (<0.1 $ g−1 on lab-scale) has a band gap of 
approximately 2.7 eV with adjustable band positions that can be 
tuned by structural or chemical modification.10 Moreover, its 
robust structure provides photo and chemical stability with the 
advantages of heterogeneous catalysis: ease of separation and 
reusability. In the last decade, carbon nitride has been used as 
photocatalyst in various chemical transformations, including 
selective oxidation of alcohols to aldehydes or ketones, amines 
to imines and sulfides to sulfoxides.11–13 Recently, our group has 
reported a closed atom-economical photocatalytic system for 
selective oxidation of alcohols to aldehyde coupled with the 
reduction of aqueous protons to produce H2.14,15 This work 
employed cyanamide functionalised carbon nitride as a 
photocatalyst, which shows better activity than intrinsic carbon 
nitride due to improved photogenerated charge separation.16–
18 This property motivated us to further explore complex 
organic transformations using carbon-based photocatalysts. 
Heteroaromatic moieties are present in various natural 
products, pharmaceuticals, and ligand scaffolds.19 An efficient 
and sustainable approach for the direct functionalisation of C–
H bonds in heteroarenes has therefore become a very 
important goal in organic synthesis. The Minisci reaction is a 
known strategy for such functionalisation, involving the radical 
coupling of electron-deficient heteroarenes with oxidatively-
generated nucleophilic radicals.20,21 Classically, this reaction 
requires an activated moiety as a radical source, and metal salts 
or stoichiometric amount of peroxides at an elevated 
temperature.21,22  
Over the years, various studies have been performed to 
improve the traditional Minisci conditions including work on 
light-mediated catalysis, which elegantly circumvented the 
necessity of elevated temperature.23–26 Photocatalyzed Minisci 
coupling has recently been developed for the alkylation of N-
heteroarenes, -heteroarylation of ethers and N-protected 
secondary amines, but the chemistry has not yet been explored 
for the heteroarylation of alcohol and amides.27–32 
Nevertheless, these Minisci protocols employ expensive and 
potentially toxic Ir and Ru metal complexes as photocatalysts 
and still require activated moieties as the nucleophilic radical 
source, and a stoichiometric amount of strong chemical 
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oxidants. 
In light of these limitations, we report here a visible light-
mediated Minisci coupling of N-heteroarenes with ethers, 
alcohols and amides in the presence of aerobic oxygen as the 
oxidant, using a cyanamide functionalised carbon nitride 
photocatalyst (Scheme S1). Furthermore, we demonstrate that 
the Minisci reaction can be coupled to the co-production of 
molecular hydrogen (H2) under anaerobic conditions, 
demonstrating the ability to couple complex organic synthesis 
with fuel production.33 
Table 1. Standard condition for Minisci coupling 
 
Entry Deviation from standard conditions Yield (%) [a] 
1 None 80 (78) [b] 
2 [Ir{dF(CF3)ppy}2(dtbbpy)]PF6 (5 mg, 1 mol%)  26 
3 [Ru(bpy)3]Cl2 (4 mg, 1 mol%)  30 
4 Pristine carbon nitride 30 
5 Amorphous carbon dots34 17 
6c g-Nitrogen doped carbon dots35 24 
7d K2S2O8 (oxidant) 52 
8 Benzoic acid 48 
9 p-Toluenesulfonic acid 22 
10 No light <5 
11 No photocatalyst 0 
12 No acid 0 
13 N2 atmosphere <5 
14 Recycled (5x) carbon nitride (photocatalyst) 80 
[a] Yield determined by 1H NMR using 1,3,5-trimethoxybenzene (0.1 mmol) as the 
internal standard. [b] Isolated yield. [c] 3 mg of graphitic nitrogen doped carbon dots. 
[d] 1 mL of water as solvent under inert atmosphere. 
Carbon nitride was synthesised by calcination of melamine at 
550 oC, followed by post-synthetic cyanamide functionalisation 
using potassium thiocyanate (Figure S1).16 We envisioned that 
upon blue-light irradiation the strongly oxidising valence band 
(VB) of this polymeric material (potential of VB (EVB) = +2.2 V; 
conduction band (ECB) = –0.5 V vs standard hydrogen electrode, 
SHE) would allow the direct oxidation of ethers, alcohols and 
amides to generate the corresponding open-shell nucleophilic 
radical species (for THF, DMF, and MeOH E1/2 ox > +1.84 V vs 
SHE).17,36 Subsequently, the radical species can be engaged in 
Minisci-type coupling with N-heteroarenes.  
We started examining the Minisci-type coupling of isoquinoline 
(0.5 mmol, 1.0 equiv.) with THF (3 mL) as substrate and solvent 
under various conditions (Table 1; see Figures S2-S5 for 
experimental set-up and optimisation of conditions). An 
excellent yield of 80% for the desired coupling product 1a was 
obtained in the presence of carbon nitride (10 mg) as a 
photocatalyst, trifluoroacetic acid (TFA; 1.5 equiv.) as the 
proton source and aerobic oxygen as the oxidant under 
irradiation using 14.4 W blue LEDs with λmax = 470 nm (entry 1). 
The activity of carbon nitride was subsequently compared to 
other photocatalysts. Commonly used precious metal 
photocatalysts were found to produce a lower yield (entries 2-
3). Pristine carbon nitride showed a diminished yield (entry 4), 
which can be explained by the lack of cyanamide-functionality 
to improve the substrate/carbon nitride interaction as well as 
charge separated state lifetime.14,16 Recently, homogenous 
carbon dots have emerged as a low-cost, stable and non-toxic 
light harvester in photocatalytic fuel synthesis systems.34,35,37 
Albeit at lower yields than pristine carbon nitride, carbon dots 
were also identified to be effective for the coupling (entries 5 
and 6), which motivates their future exploration in 
photocatalysed organic transformations. Using other oxidants 
and acids resulted in a diminished yield (entries 7-9). Control 
experiments show the necessity of light, photocatalyst, acid, 
and oxidant for the reaction (entries 10-13). 
Table 2. Heteroaromatic substrate scope 
 
a Isolated yields are reported. Reaction time varied from 4-48 h (see SI). 
Following the establishment of the optimised standard 
conditions, substrate scope of the photocatalytic Minisci 
reaction was investigated. First, we focused on examining the 
scope of N-heteroarenes (Table 2). Various electron-deficient 
heteroarenes including quinolines (1a-c), isoquinolines (1d-h) 
and pyridines (1i-l) were observed to readily couple with THF at 
the most electrophilic position in good to excellent yield. 4-
methyl and 2-methyl quinoline resulted in selective coupling 
with THF at the C2 and C4 positions, respectively (1b-c, 67-83% 
yield). Moreover, sensitive functional groups such as bromo 
substitution at C4, C5, and C6 positions and ester at the C3 
position of isoquinoline were well tolerated, along with 3-
methyl isoquinoline (1d-h, 50-66% yield). Notably, pyridines 
with electron-withdrawing groups were found to be amenable 
to the protocol (1i-l, 60-75% yields). 
Next, we investigated the scope of ethers (Table 3). The cyclic 
ethers coupled efficiently with isoquinolines, but no reactivity 
was observed for acyclic ethers (e.g., dimethoxy ethane and 
tert-butyl ether), which can be attributed to their higher 
oxidation potential.38 Tetrahydropyran, 1,4-dioxane and 1,3-
dioxalane were studied and found to be amenable to the 
coupling with a good yield (2a-c, yield 50-83%). The 1,3-
dioxalane contains two different α-oxy positions C–H bonds, 
resulting in a mixture of coupling products (C2:C4 coupling ratio 
= 3.4:1). 
Furthermore, the Minisci coupling was applied to primary 
alcohols (Table 3). Generally, alcohols are employed as an alkyl 
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source with the subsequent loss of the hydroxyl groups in the 
light-mediated reactions.29,39–41 We observed direct 
functionalisation of the α-sp3 C–H bond of primary alcohols with 
isoquinoline. Various primary alcohols including methanol, 
ethanol, n-propanol, and n-butanol afforded α-arylated 
alcohols in moderate to good yield (3a-d, 25-53% yields). The 
diversity of the process was expanded to amides and good to 
excellent yields were obtained. Isoquinoline, 4-
bromoisoquinoline and lepidine selectively couple with N,N-
dimethylformamide (DMF) and N,N-dimethylacetamide (DMA) 
(4a-f, 71-96% yield). Moreover, an expected mixture of coupling 
products was observed for N-methyl-2-pyrrolidone due to the 
presence of two different α-amide C–H bonds as a potential 
nucleophilic radical source (4g, 97% yield). 
Table 3. Scope of ethers, alcohols and amides[a] 
 
a Isolated yields are reported. Reaction time varied from 11-48 h (see SI). 
After exploring the scope of the reaction, we studied the 
reusability of the carbon nitride photocatalyst. The used carbon 
nitride was washed two times with water followed by acetone 
and re-employed in another photocatalytic reaction (Figure S6). 
Notably, activity remained the same for five continuous 
experiments (Table 1, entry 14), even though partial loss of 
cyanamide functionality in carbon nitride was observed (Figure 
S7). The carbon nitride can be fully recovered by centrifugation 
and basic wash retaining the yellow colour. The recyclability 
demonstrates the advantage of carbon nitride as a 
heterogeneous photocatalyst.  
We then investigated the mechanism of the reaction. The 
employed carbon nitride is known to change colour from yellow 
to blue upon irradiation in the presence of electron donors 
under oxidant free conditions by forming long-lived trapped 
electrons with a lifetime of over 10 hours.14,17 Consistent with 
this behaviour, we observed a dark blue colouration of the 
reaction suspension along with only traces of product when the 
reaction was performed in the absence of O2 (Figure 1). This 
supports that THF is acting as an electron donor for carbon 
nitride. No colour change was observed during irradiation in the 
presence of O2 as the photogenerated electrons in carbon 
nitride are readily quenched. Furthermore, replacing O2 with 
H2O2 under inert conditions yielded 40% of desired product 
(conversion 64%), suggesting that other oxygen reactive species 
can also act as electron acceptor in the reaction. The in-situ 
generation of H2O2 from O2 was confirmed by an iodometry 
essay (Figure S8).  
 
Figure 1. Mechanistic studies: (A) Reaction under different atmospheres. (B) Colour of 
above reaction mixtures after LED irradiation in the presence of (1) O2, (2) N2, and, (3) 
H2O2 in N2. (C) Photocatalytic H2 production; reaction condition: Isoquinoline (50 mol), 
THF or DMA (0.3 mL), TFA (1.5 equiv.), carbon nitride (5 mg), nanoparticles of Pt (1000 
ppm in water, 15 L) and an aqueous phosphate solution (0.1 M, 2.7 mL) irradiated with 
blue LEDs. Product yields were obtained by gas chromatography for H2 (hollow symbols) 
and by 1H NMR spectroscopy for the Minisci oxidation product (filled symbols). See SI  
Furthermore, Pt nanoparticles were employed as a H2 evolving 
catalyst to sustainably quench the photogenerated electrons in 
the absence of O2 (Figure 1C). Remarkably, we observed the 
desired Minisci coupling product along with H2 formation. This 
indicates that the electrons released from the oxidative 
coupling reaction are quenched by the VB of carbon nitride and, 
subsequently, the CB electrons in carbon nitride can be 
transferred to the Pt catalyst for proton reduction. Moreover, 
this suggests that our Minisci reaction can be sustainably used 
for generation of two value-added products, solar chemical and 
solar fuel. 
A tentative mechanism for the photocatalytic Minisci reaction is 
proposed in Scheme 1 based on the observations and literature 
reports. Visible light irradiation of the photocatalyst carbon 
nitride produces a photoexcited state that acts as a strong 
oxidant. The VB engages in a single electron oxidation with 5 
(ethers, alcohols and amides) to afford the nucleophilic radical 
species 6.18,36 The oxidised species 6 then couples to the 
protonated electron deficient species 7 in a Minisci type-
pathway to provide 8. We presume that the intermediate 8 
transfers another electron to the photoexcited carbon nitride 
VB to generate the desired product. Simultaneously, electrons 
accumulate in the CB of carbon nitride, which are quenched by 
oxygen or reactive oxygen species to close the redox cycle. 
Under anaerobic condition, the photoexcited electrons can be 
A 
B C 
(1) (2) (3) 
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transferred to Pt nanoparticles to produce H2. 
In conclusion, we have achieved visible light mediated Minisci 
coupling of heteroarenes with ethers, alcohols and amides 
using carbon nitride as an inexpensive, non-toxic, easily 
synthesisable and scalable carbon-based photocatalyst. This 
photocatalytic method has improved performance compared to 
the state-of-the-art and displays a broad scope. Moreover, 
aerobic O2, an environmentally benign and freely available 
oxidant, is employed in this process instead of an external 
chemical oxidant under ambient condition. The photocatalyst is 
recyclable several times without any loss of activity. 
Furthermore, the process can be coupled with H2 production 
and thus making efficient use of the full redox cycle to generate 
two value-added products. 
Scheme 1. Proposed mechanism of photocatalytic Minisci reaction. 
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